resveratrol tetramer), along with a new natural compound (3) and 33 known compounds including 26 resveratrol derivatives. The absolute structures were elucidated by spectroscopic analysis, including two dimensional NMR and circular dichroism (CD) spectra.
Dipterocarpaceaeous plants have been known to have an abundance of stilbene oligomers that have a blocking unit of resveratrol. The woody plant Vateria indica LINN. (Dipterocarpaceae) is distributed in India and Sri Lanka, and the resin has been used as a traditional medicine for sore throat, chronic bronchitis, rheumatism, and diarrhea. 1) The stem of the genus Vateria is known to produce biologically active compounds such as oligostilbenoids and monoterpenes. [2] [3] [4] [5] [6] Our previous study demonstrated that the leaves also contain stilbene derivatives in high quantity. 6) Recently, the bioactivities of stilbenoids isolated from Dipterocarpaceaeous plants have been reported to have antimicrobial activites, 7, 8) antitumor activities, [9] [10] [11] and regulation of endoplasmic reticulum stress. 12) Though the leaves of V. indica are not used as medicines, the high content of stilbenes could be an important source of bioactive components. The stilbene oligomers characterized from this material are produced mainly by the homogeneous blocking unit resveratrol. The various structures are dependent upon the skeletal variation and the stereoisomers. Comprehensive investigation of the chemical constituents in the leaves of V. indica resulted in the isolation and characterization of a new resveratrol tetramer [vateriaphenol F (1)] and two new O-glucosides of resveratrol oligomers [vateriosides A (2) and B (4)], along with a new natural compound (3), and 33 known compounds [resveratrol derivatives , flavonols (31) (32) (33) , diterpenes (34, 35) , an isocoumarin (36) , and a phenylpropanoid (37) ]. The structures of the new compounds (1, 2, 4) were elucidated by 2D NMR techniques such as 1 H-1 H correlation spectroscopy (COSY), 13 C-1 H COSY, and heteronuclear multiple bond connectivity (HMBC). Stereostructures were proposed by analysis of nuclear Overhauser effect spectroscopy (NOESY), differential rotating frame Overhauser enhancement (ROE), and ROESY spectra, as well as high-resolution (HR) FAB-MS and electrospray ionization (ESI)-MS analysis and circular dichroism (CD) spectroscopic properties. Vateriaphenol F (1) has a unique C 2 -symmetric structure.
Results and Discussion
Vateriaphenol F (1) and vaterioside A (2) were purified from an acetone extract of V. indica by open column chromatography on DMS, octadecyl silica (ODS), Silica gel, and Sephadex LH-20, as well as HPLC. Vaterioside B (4) was purified from MeOH extract by repeated chromatography.
Vateriaphenol F (1) ([a] D 25 Ϫ136°), obtained as a pale-yellow solid, showed positive reaction to Gibbs reagent. The structure is composed of four resveratrol units (A-D; resveratrol A unit: i.e., between rings A 1 and A 2 via carbons C-7a and C-8a). A detailed elucidation was carried out as follows. The molecular formula was assigned to C 56 H 44 O 13 by HR-ESI-MS that showed a pseudomolecular ion [MϩNa] ϩ at m/z 947.2670, indicating 35 degrees of unsaturation. In the 1 H-and 13 C-NMR spectra at rt, some signals due to ring A 2 were broadened in various solvents. In the 1 H-NMR spectrum in acetone-d 6 at Ϫ30°C, the signals due to aromatic protons (H-10a and H-14a) and carbons (C-10a, C-11a, C-13a, and C-14a) displayed sharpened signals. NMR data at rt and Ϫ30°C were applied to the following structural analysis. Assignments of the 1 H-and 13 C-NMR spectra of 1 in acetone-d 6 are shown in Table 1 (Ϫ30°C). These assignments were developed primarily using 1 H-1 H COSY and 1 H-13 C heteronuclear single quantum coherence (HSQC) as well as HMBC experiments ( Table 1) . The 13 C-NMR and distortionless enhancement by polarization transfer (DEPT)-NMR spectra of 1 showed 24 signals for 28 carbons, including two oxygenated sp 3 carbons, two sp 3 methine carbons, nine sp 2 methine carbons, five sp 2 quaternary carbons, and six oxygenated sp 2 quaternary carbons. On the basis of the data stated above, compound 1 was considered to be a symmetrical dimeric dimer of resveratrol. Thirteen oxygen atoms and the odd degree of unsaturation indicated that two equivalent units form a heterocyclic ring. The NMR data showed the presence of two 4-hydroxylphenyl groups (rings A 1 and B 1 ), a 3,5-dihydroxyphenyl group (ring A 2 ), a 1,2,3,5-tetra-substituted benzene ring (ring B 2 ), and two sets of aliphatic methane sequences (C-7a/C-8a and C-7b/C-8b). In the HMBC spectrum ( Fig. 1 ), significant 3 J correlations were observed between H-7a/C-2a(6a), H-8a/C-10a, H-8a/C-11b, H-7b/C-2b(6b), and H-8b/C-14b. These supported the connections between C-7a/C-1a, C-8a/C-9a, C-8a/C-10b, C-7b/C-1b, and C-8b/C-9b, respectively (Fig. 1A) . The connection of the two units in 1 was unambiguously determined by HMBC as follows. The spectrum of 1 showed a triplet for the correlation between H-8b/C-8c and H-7b/C-7c, which was interpreted by the overlap of a singlet from the long-range correlation and a doublet from the direct correlation ( Fig. 2 ). Existence of a tetrahydrofuran ring (C-7b/C-8b/C-8c/C-7c/O) was then confirmed by 13 C chemical shift of oxygenated methine carbons of C-7b and C-7c ( Fig. 1B) . Long-range correlations between H-7a/C-11b and H-7d/C-11c were not observed, but the presence of two dihydrobenzofuran rings (C-7a/C-8a/C-10b/C-11b/O and C-7d/C-8d/C-10c/C-11c/O) were deduced, considering the carbon chemical shifts and the molecular formula. The carbon chemical shifts [d C 84.5 (C-7b, C-7c) and d C 56.3 (C-8b, C-8c)] are typical for C-atoms of a tetrahydrobenzofuran moiety, and those of the carbons [d C 95.3 (C-7a, C-7d) and d C 55.5 (C-8a, C-8d)] are also similar to those of the dihydrobenzofuran moieties, such as those of kobophenol A 13) and grandiphenol A (19) 14) ( Fig. 3 ). The existence of two dihydrobenzofuran rings and a tetrahydrofuran ring was confirmed by comparison of these data. The planar structure of vateriaphenol F was then concluded to be 1. The other correlations in the HMBC spectrum, as summarized in Table 1 , were in accordance with the proposed planar structure.
The stereostructure was determined from the results of ROESY and the differential ROE experiments supported by the consideration of interrupted rotations of C-C bonds, anisotropy, and the energy-minimized structure of 1 in Merck-modified force field (MMFF). The trans orientations of H-7a/H-8a and H-7b/H-8b on the furan rings were confirmed by the distinctive ROE correlations between H-7a/H-10a, H-8a/H-2a(6a), H-7b/H-14b, and H-8b/H-2b(6b) (Fig.  4) . The molecule has C 2 -symmetry and it is not a meso form. Hence, four carbons on the dihydrobenzofuran rings have the same relative configurations [C-7a, C-8a, C-7d, and C-8d (rel-R)]. The two methine protons of H-8b and H-8c must be antisituated, which proposed two possible relative structures shown as 1 or 1Ј in Fig. 4 . To gain the accurate conformation of these two candidates, the minimum energy conformation was obtained using the PCMODEL suite of programs with When the intensity of ROE (a) is considered, the hindered rotation of C-C bonds (C-8b/C-9b) is supported, and the C-C bond (C-9b/C-14b) and H-7b must be located on the same side of reference plane, which can explain the weak intensity of ROE (b) and impossibility of the inappropriate one (bЈ).
Supporting evidence for the strong ROE (a) and the inappropriate one (bЈ) is obtained from the energy-minimized stereostructure of 1 ( Vateriaphenol F (1) has the same partial structure as (Ϫ)e-viniferin (10), 16) the main constituent of this substance. From the viewpoint of biogenetic pathways, 10 could be a precursor of 1 and the configuration of corresponding carbons of 1 (C-7a, C-8a, C-7d, and C-8d) are all absolute R configurations. If this conjecture is adopted, the absolute structure of 1 is determined. However, the configuration of carbons on two 3-(3,5-dihydroxyphenyl)-2,3-dihydro-6-hydroxy-2-(4-hydroxyphenyl)-4-benzofuranyl groups of grandiphenol B (38) 14, 17) is opposite, which requires clarification with spectroscopic evidence. The absolute configuration of 1 was assigned based on the CD spectroscopic evidence [ Fig. 6a ]. The CD spectroscopic evidence related to a transoriented dihydrobenzofuran ring is as follows. Lemiere et al. reported that the configurations at C-7 and C-8 of the dihydrobenzofuran skeleton can be distinguished in the range of 220-240 nm by CD spectroscopy. 18) We reported the CD evidence of (Ϫ)-e-viniferin and its oxidative derivative [(2R,3R)-3-(3,5-dihydroxyphenyl)-6-hydroxy-2-(4-hydroxyphenyl)-2,3-dihydrobenzofuran-4-carbaldehyde: 39] [negative Cotton effect at 236-237 nm]. 19) The structure of 1 also has an all-equatorial substituted tetrahydrobenzofuran ring. Unfortunately, CD spectroscopic evidence has not been reported for tricuspidatol A, 20) restrytisols A and B. 21) On the other hand, a similar structure is shown by 2,5-diaryltetrahydrofuran lignan derivatives, which are prominently present in CD spectroscopic data. In the case of 2,5-diaryltetrahydrofurans bearing anti-oriented aromatic rings, the absolute con- . Further database study on the CD spectra and a comparative discussion on stereoisomers 1, as well as an Xray crystallographic approach, are required for elucidating the absolute structure of 1.
The results obtained from 1 H-NMR spectra at various temperatures ( Fig. 7) implied that ring A 2 of 1 does not rotate freely because of the steric hindrance due to neighboring substituent(s) and/or other factors. There are four C-C bonds bearing rotational restriction in 1 (C-8a/C-9a, C-8b/C-9b, C-8c/C-9c, and C-8d/C-9d), which is the first case explained for stilbenoids. The restricted free rotation of the C-C bond of C-8b/C-9b and p-p interaction between rings A 2 /B 1 would be the important factors reflected in the spectroscopic behavior of ring A 2 . Similar phenomena were also observed in a 4hydroxyl group in vaticanol G 22) and a 3,5-dihydroxyl group in grandiphenol A (19) . 14) As discussed in previous articles, the behavior of some protons in stilbene oligomers is very complicated. 3, 4, [22] [23] [24] [25] Therefore, further spectroscopic evidence in connection with steric factors are required for the accurate determination of the configuration in stilbene oligomers such as 1 and related compounds.
The planar structure of 1 is identical to those of known resveratrol tetramers 19, 38, 14) and viniferol E. 26) In the case of 1, two identical dimeric units are fused to produce a tetrahydrofuran ring. Half signals of the total atom numbers are observed in their 1 H-and 13 C-NMR spectra. In the cases of 19, 38, and viniferol E, two hetero-stereogenic dimeric units form each molecule. There has been an increased number of naturally occurring C 2 -symmetric stilbenoids represented by (Ϫ)-hopeaphenol. 27) Kawabata et al. developed the heteronuclear multiple quantum coherence (HMQC)-ROESY sequence for detection of ROEs between equivalent protons which cannot be observed by conventional NMR methods. 28) During the structure elucidation of 1, we analyzed the 13 Ccoupled heteronuclear single quantum coherence (HSQC)-ROESY spectrum. At first, we measured the spectrum of (Ϫ)-hopeaphenol (5) and compared the result with those of Kawabata et al.; we reproduced the result. The result obtained for 1 (data not shown) included poor information in that only one ROE-relayed negative cross-peak appeared between H-8b/C-8b; this can reasonably explain the symmetry of 1 and restricted rotation of the C-C bonds C-8b/C-9b and C-8c/C-9c.
Two signals [H-7b(H-7c) and H-8b(H-8c)] in the 1 H-NMR spectrum of 1 display six-peak multiplicity, which was resolved by J-spectroscopy and homodecoupled experiments (Fig. 8 ). The methine protons (H-8b and H-8c) display six peaks [ Fig. 8a , a-f ] due to 1 H-NMR spectroscopic features in the J-spectrum. If two weak peaks (a, f ) are ignored, the peaks b-e appear to be a double doublet signal (Jϭ7.1, 3.0 Hz) [ Fig. 8a, A] , which is consistent with the coupling pattern of tricuspidatol A (Jϭ6.0, 2.0 Hz; measured at 200 MHz). 21) Decoupling of H-7b(H-7c) causes disappearance of four main peaks (b-e) and appearance of a sharp signal (h), which proves that H-8b(H-8c) bears an AXXЈ system rather than an AX system ( 3 J AX ϭ7.1 Hz, 5 J AX Ј ϭ3.0 Hz) [ Fig. 8b ]. The small coupling constant ( 5 J AX Ј ) is explained by a W coupling in the tetrahydrofuran ring. Decoupling of H-8b(H-8c) also simplified the spin system (g). J-Spectroscopy indicated that the two weak peaks (a, f ) are components of the signal. The multiplicity of H-7c and H-8c was not completely removed when 1 was irradiated by a second radiofrequency (g, h), which suggested existence of another coupling system. The signals (g, h) display two spin systems of type AB with a small difference in chemical shift [(d A Ϫd B )ϭ0] compared with the coupling constant (J AB ϭ8.8 Hz) [Fig. 8c ]. This coupling corresponds to B for H-8b(H-8c) that displays 8.8 Hz (peaks a and b) in Fig. 8a . These couplings observed in g and h may be explained by coupling between H-7b/H-7c and H-8b/H-8c, but the exact reason is not clear.
Vaterioside A (2) ([a] D 25 Ϫ50°), obtained as a pale-yellow solid, showed positive reaction to Gibbs reagent. The molec- 13 C-NMR spectroscopic data together with 1 H-1 H COSY, 13 C-1 H COSY and HMBC spectra ( Fig. 9, Table 2 ) showed the presence of ortho-coupled aromatic protons assignable to a 4-hydroxylphenyl group (ring A 1 ), a 3,5-dihydroxyphenyl group (A 2 ), and a 1,2,4-trisubstituted benzene ring (ring B 1 ). NMR spectroscopic data also disclosed the presence of a set of aliphatic signals characteristic for a 2,3-diaryldihydrobenzofuran moiety (H-7a/H-8a), 11) 16-8.59 ). In the HMBC spectrum ( Fig. 1) , significant 3 J correlations were observed between H-7a/C-2a(6a), H-8a/C-10a(14a), and H-7b/C-6b, which supports the connections between C-1a/C-7a, C-8a/C-9a, and C-1b/C-7b, respectively (Figs. 9C, D) . The remaining ring system of 2 and connectivities were determined as follows. The presence of a six-membered ring system (ring B 2 ) was substantiated by 13 C-NMR signals ( Table  2) , with five quaternary sp 2 carbons (C-9b, C-10b, C-11b, C-13b, and C-14b), and a hydrogenated sp 2 carbon (C-12b). The important correlations of HMBC measurements for the fused cyclic system of the ring B 2 were as follows: H-7a/C-11b ( 3 J) and H-8a/C-10b ( 2 J) for the formation of a diaryldihydrobenzofuran moiety (Fig. 9C) . The carbons, C-9b-C-14b, observed at d C 132.3, 116.8, 159.6, 96.9, 159.7, and 116.0, are assigned to a 3,5-dioxygenated benzene ring. Similar patterns in the same partial structure were also observed in 3 (d C 132.3, 114.4, 158.0, 97.1, 156.9, and 114.6), 29) where the carbon atom (C-13b) was substituted by a hydroxyl group instead of glucosyloxy group ( Table 2 ). The location of the glucosyloxy group is C-13b as confirmed by the HMBC cross-peak between the anomeric proton (d H 5.39) and the aromatic carbon at d C 159.7 (C-13b). The remaining O-function was assigned to OH groups. Based on these results, the planar structure of 2 was confirmed. The stereostructure was determined from the results of the differential NOE experiments and CD spectrum. The trans orientations of H-7a/H-8a on the dihydrobenzofuran rings were confirmed by the distinctive NOEs between H-7a/H-10a(14a) and H-8a/H-2a,6a. Compound 2 exhibited the Cotton signal at 235 nm [De Ϫ24.7 (cϭ27.5 mM, MeOH)], the sign and wavelength maxima are consistent with those of 39, suggesting that the two carbons (C-7a and C-8a) of the proposed relative structure 2 have the same absolute configuration as 39 [ Fig. 6b ]. The glucose stereogenicity of 2 does not interfere with the exciton coupling that defines the furan stereogenic centers through exciton coupling observed at 235-236 nm. Consequently, the structure of vaterioside A (2) was concluded to be (2R,3R)-2,3-dihydro-2-(4-dihydroxyphenyl)-3-(3,5-dihydroxyphenyl)-10-(b -glucopyransoyloxy)-phenanthro[2,1-b]furan-8-ol. The isolation of 3 from natural sources is novel, while a photo-oxidative product from e-viniferin (10) has been reported. 29) Vaterioside B (4) was obtained as a pale-yellow amorphous solid. The composition was deduced to be C 62 H 52 O 17 from the pseudo-molecular ion peak of [MϩNa] ϩ at m/z 1091.3065 in the ESI-MS spectrum and the 13 C-NMR spectrum which showed 62 carbon signals. The 1 H-and 13 C-NMR spectroscopic data (Table 3) (Table 3 ). In the NOESY experiment, the aromatic proton (d H 6.85) assignable to H-12a displays a distinct cross-peak with the anomeric proton. Therefore, the glucosyl moiety should be attached to C-11a of 5. The absolute configuration and the strong negative optical rotation of the (Ϫ)-hopeaphenol ([a] D 28 Ϫ402.9°) have been reported. The negative optical rotation of the aglycone can be assumed by the specific rotation of 4 ([a] D 25 Ϫ189°) even if the influence of the glucosyloxy group is considered. The CD spectra of 4 displayed the same features as those of 5 [ Fig. 6c ]. These data suggest that 5 has the same absolute configuration as 4. Therefore vaterioside B (4) was elucidated to be (Ϫ)-hopeaphenol 11a-O-b -glucopyranoside.
In addition to the resveratrol oligomers described above (1-5, 10, and 19) , 23 known resveratrol derivatives were isolated and their structures identified as resveratrol (6), pi-ceid (7), 4-b-glucopyranosyl-5-[(1E)-2-(4-hydroxyphenyl)ethenyl]-bezene-1,3-diol (8), 30) 2-b-glucopyranosyloxyphenanthrene-4,6-diol (9), 31) paucifloroside A (11), 23) cis-(Ϫ)-eviniferin (12), 32) upunoside D (13), 33) balanocarpol (14) , 34) melanoxylin A (15), 35) malibatol (16) , 36) (Ϫ)-ampelopsin F (17), 37) pauciflorol B (18), 23) vaticanol C (20), 38) hemsleyanols C (21) and D (22), 39) pauciflorol C (23), 23) vateriaphenol B (24), 4) nepalensinol G (25), 40) stenophyllol A (26), 41) vaticanol B (27), 38) vaticasides B (28) and C (29), 42) and upunaphenol F (30). 43) The other known compounds 1376 Vol. 58, No. 10 46) and palmarin (35) 47) ], bergenin (36), 11) and syringin (37) . 28, 48) Resveratrol derivatives in the leaves of V. indica display planar structural diversity due to the following: (1) degree of oligomerization ranging to tetramer (monomers: 6-9; dimers: 2, 3, 10-17; trimer: 18; tetramers: 1-3 and 19-30), (2) variation in the skeleton comprising dihydrobenzofuran(s) (1-5, 10-15, and 18-30) , tetrahydrofuran (1 and 19), phenanthrene (2, 3, and 10) , cycloheptadiene (14 -16 and 23-26 2, 4, 7-9, 11, 13, 28, and 29) . This is the first time that occurrence of the groups flavonolrhamnoside (32) and diterpenoids (34, 35) has been reported in the family Dipterocarpaceae. Compounds (6, 8, 9, 11-13 , 15-19, 21-23, and 30) have been isolated for the first time from V. indica. Interestingly, the leaves of V. indica are supposed to have two biosynthetic pathways, according to the coexistence of stilbene synthase and chalcone synthase that gives stilbene, e.g., resveratrol (6) (blocking unit of 1-5 and 7-30) or chalcones, e.g., naringenin-chalcone (precursor of 31-33), respectively. Isolation of flavonoids from the stem bark has not been reported. The small quantity of 6 suggested that the material accumulates resveratrol derivatives mainly by oligomerization and glycosylation in Dipterocarpaceae. The multifunctional bioactivity of 6 for treatment and prevention of diseases has been documented. 49) Recently, its oligomers were also proven to have versatile functionalities, as demonstrated by 20 9, 10) and 27. 12) The disease-preventive effects of flavonoids and the anti-gastric-ulcer effect of 36, 50) in addition to the stomach-protective effect of 34, 51) would make the leaves of V. indica an important material. The present study and our knowledge of polyphenols suggest that the leaves of the family Dipterocarpaceae are a substantial source of useful polyphenols and terpenoids that could be applied to medicinal uses and/or the prevention of diseases.
Experimental
The instruments used in the present study are detailed as follows: optical rotations, JASCO P-1020 polarimeter; CD spectra, JASCO J-820 spectrometer (in MeOH solution); UV spectra, Shimadzu UV-3100 spectrophotometer (in MeOH solution); 1 H-and 13 C-NMR spectra, JEOL JNM ECA-600 and AL-400 (chemical shift values are presented as d values with tetramethylsilane (TMS) as the internal standard); ESI-MS, Thermo Fisher Scientific LTQ Orbitrap instrument; and FABMS, JEOL JMS-DX-300 instrument.
The following adsorbents were used for purification: analytical TLC, Merck Kieselgel 60 F 254 (0.25 mm); preparative TLC, Merck Kieselgel 60 F 254 (0.5 mm); open column chromatography, Merck Kieselgel 60, Pharmacia Fine Chemicals AB Sephadex LH-20, and Fuji Silysia Chemical Chromatorex DMS; and vacuum liquid chromatography (VLC), Merck Kieselgel 60. A Waters Sep-Pak Vac 35cc (10 g) C18 cartridge was used for smallscale reversed-phase (RP) open column chromatography. The following system was used for preparative HPLC: LC-6AD pump, a SIL-10AXL auto injector, a SCL-10AVP system controller, and a SPD-10AV UV-Vis absorbance detector, equipped by CLASS-VP software. The separation was performed on a Capcell Pak C 18 UG120 S-5 column (5 mm, 250ϫ10.0 mm; SHISEIDO, Japan) at 40°C. The flow-rate of the mobile phase was 5 ml/min, and detection was performed at 280 nm. All computational calculations were performed on PCMODEL V 9.0 software. 15) The geometry optimizations of the structures leading to energy minima and the conformational analysis were achieved using MMFF force field.
The leaves of Vateria indica LINN. were collected in October 2007 and identified by one of the coauthors (V.C.). A voucher specimen (number DP-033) has been deposited in the Gifu Pharmaceutical University. Dried and ground leaves (2.0 kg) of V. indica were extracted successively with acetone (10 lϫ24 hϫ3), MeOH (10 lϫ24 hϫ3), and 70% MeOH (10 lϫ24 hϫ2) at rt. The extract was concentrated to yield respective residues; 330 g (acetone), 178 g (MeOH), and 57 g (70% MeOH).
The acetone extract (330 g) was suspended in acetone (1 l), and the insoluble part recrystallized from methanol-H 2 O to yield 36 (5.2 g). The filtrate was subjected to RP column chromatography (CC) on DMS eluted with a mixture of MeOH-H 2 O, decreasing in polarity to give 18 fractions ( A Fr. 1-A
